Functional organization of neuronal response properties along the surface of the 10 neocortex is a fundamental guiding principle of neural computation in the brain. Despite 11 this importance, the cellular precision of functional maps is still largely unknown. We 12 address the challenge by using two-photon calcium imaging to measure cell-specific 13 
The mean response started to saturate around 5th-6th frames (625-750 ms) after stimulus smoothly. Moreover, the distributions of orientations domains appeared similar at 150 17 and 300 µm depths, suggesting vertical orientation columns. These results confirmed 18 previous reports of iso-orientation domains and orientation columns (Hubel & Wiesel, 19 1962; Bonhoeffer & Grinvald, 1991) . 20 To quantify the iso-orientation domains, we calculated the autocorrelations of 21 orientation tuning as a function of absolute cortical distance within the same map. 22
Compared to the mean baseline autocorrelations with neurons randomly shuffled (mean 1 = 0.053 within 800 µm), the measured mean autocorrelations over 12 orientation maps 2 were significantly higher within cortical distances of 0-50 µm, 50-100µm, and 100-150 3 µm (ps < 0.001, two tailed paired t-tests here and later), and became similar within 150-4 200 µm (p = 0.133) (Figure 2b ). The normalized (measured/baseline) autocorrelations 5 were 8.86, 7.14, and 4.04 within 0-50, 50-100, and 100-150 µm, respectively. Data from 6 individual maps were quite similar to the mean. These results suggest significant iso-7 orientation domains that were about 150 µm in width. 8
And to quantify the columnar structures of orientation preferences, we calculated 9 the cross-correlations of orientation tuning as a function of absolute cortical distance 10 between maps at two depths, which showed a similar trend. The mean cross-11 correlations over all recording sites (0.43, 0.35, and 0.22 within 0-50, 50-100, and 100-12 150 µm, respectively) were 7.44, 6.19, 4.22 times as high as the corresponding baselines 13 (mean = 0.056 across 3 distances) (ps < 0.011), respectively, and became insignificantly 14 different at 150-200 µm (p = 0.142) (Figure 2c ). Individual maps showed similar trends, 15 except for the one with monkey A site 2 that showed much poorer alignment between 16 two depths (normalized autocorrelations = 1.67, 1.70, and 1.67 within 0-50, 50-100, and 17 100-150 µm, respectively). Therefore, V1 neurons in macaques were organized vertically 18 in orientation columns, but with exceptions. were overlaid (Figure 3c ), it was apparent that all 9 pinwheels were located in regions 16 with few neurons recorded. As more easily discernable in Figure 3a , these pinwheels 17 were either overlaid with radial or vertical blood vessels, or in the shallows of likely 18 more superficial blood vessels. that contains a lower (or higher) spatial frequency peak. 1
We calculated the lower-and higher-half bandwidths at half height for the spatial 2 frequency tuning function of each neuron in our dataset, and contrasted the higher-half 3 bandwidth against the lower-half bandwidth for all neurons at 150 and 300 µm depths 4 ( Figure 5 ). The median lower-half bandwidths were 1.17 octaves at 150 µm and 1. 16 5 octaves at 300 µm, about 0.4 octaves wider than the median higher-half bandwidths that 6 were 0.77 octaves at both depths. Therefore, more neurons' spatial frequency tuning 7 functions contained a wider low frequency branch that would encode low frequency 8 information, like those shown in Figure 1e . Still, there were also many neurons whose 9 tuning functions contained a wider high frequency branch to encode high spatial 10 frequency information. Some neurons had a very wider lower-half or higher-half 11 bandwidth of >2 octaves. These were mostly low-pass or high-pass neurons that would 12 encode very low or very high (up to cutoff) spatial frequencies. 13 14 In this study we used two-photon imaging with genetically encoded calcium 4 indicators (GCaMP5) to study cellular orientation and spatial frequency maps in awake 5 macaque V1. Cellular orientation maps confirm iso-orientation domains and orientation 6 columns, but reveal scarce evidence for pinwheels. The orientation maps are divided by 7 blood vessels into various sizes and shapes of patches, in which the iso-orientation 8 domains rarely converge on singularity points or pinwheels. Instead, many pinwheels 9 revealed in optical imaging-like orientation maps through Gaussian-smoothing and 10 vector summation of orientation responses tend to be centered on neuron-less blood 11 vessel regions. Although we are not questioning the very existence of orientation 12 pinwheels, indeed there are two likely pinwheels in monkey C (Fig. 3e) reported that blob neurons and most interblob neurons in macaque V1 share similar 5 preferred medium spatial frequencies with a low boundary of 1.4 cpd, except that some 6 interblob neurons are tuned to higher spatial frequencies. In addition, the narrow range 7 of spatial frequency tuning agrees with a psychophysical masking study that spatial 8 frequency tuning of spatial channels is limited within a 2-octave range (Kontsevich & 9 Tyler, 2013). 10
Nevertheless, human and monkeys are sensitive to low and high spatial frequencies. 11
This dilemma could be solved by many middle frequency neurons whose tuning 12 functions either a wider low-frequency branch or a wider high-frequency branch to 13 encode low or high frequency information. Foster et al. (1985) reported in a single-unit 14 study that V2 neurons tend to be tuned to spatial frequencies 2-octave lower than V1 15 neurons do. At comparable retinal eccentricities (2-5 o ), the preferred spatial frequencies 16 range from 0.5 to 8.0 cpd in V1, similar to our data, and are about two octaves lower 17 from 0.2 to 2.1 cpd in V2. It is likely that low spatial frequency information is first 18 encoded by medium frequency V1 neurons, and then decoded by low-frequency V2 19 neurons. However, it is unclear where high spatial frequency information could be 20
decoded. 21
It is imperative to compare our two-photon imaging results and those of Nauhaus 
Monkey preparation 7
Four macaque monkeys (aged 5-8 years) were used in this study. Each monkey was 8 prepared with two sequential surgeries under general anesthesia and strictly sterile 9
conditions. In the first surgery, a 20-mm diameter craniotomy was performed on the 10 skull over V1. The dura was opened and 100-150 nL AAV1.hSynap.GCaMP5G.WPRE.SV40 11 (AV-1-PV2478, titer 2.37e13 (GC/ml), Penn Vector Core) was pressure-injected at a 12 depth of ~350 µm. The dura was then sutured, the skull cap was re-attached with three 13 titanium lugs and six screws, and the scalp was sewn up. After the surgery, the animal 14 was returned to the cage, treated with injectable antibiotics (Ceftriaxone sodium, 15
Youcare Pharmaceutical Group, China) for one week. The second surgery was performed 16 45 days later. A T-shaped steel frame was installed for head stabilization, and an optical 17 A drifting square-wave grating (full contrast, 4 cpd spatial frequency, 3 cps temporal 20 frequency, and 0.4° diameter) was first used to determine the receptive field location of 21 each imaging window, which was around 2-4° eccentricity. For orientation and spatial 22 specific stimulus condition, the F0n of the n-th trial was the average of 4 frames before 1 stimulus onset, and Fn was the average of 5th-8th or 6th-9th frames after stimulus onset, 2 whichever was greater. F0n was then averaged across 10 or 12 trials to obtain the 3 baseline F0 for all trials (for the purpose of reducing variations), and ∆Fn/F0 = (Fn-4 F0)/F0 was taken as the neuron's response to this stimulus at this trial. A small portion 5 (6.3%) of the neurons showed direction selectivity. For those neurons, the 5-6 trials at 6 the preferred direction was considered for calculations of ∆Fn/F0 as the cell's responses 7 to a particular stimulus. F0 was still averaged over 10-12 trials at two opposite 8 directions. 9
Several steps were then taken to decide whether each neuron was tuned to 10 orientation and/or spatial frequency. (1) At each spatial frequency, the optimal stimulus 11 size for producing maximal responses at a specific orientation among all orientations 12 was selected. The response to each orientation was decided at this stimulus size. (2) The 13 optimal spatial frequency and orientation producing the maximal response among all 14 conditions were selected. Then responses to 12 orientations were decided at the optimal 15 spatial frequency, and responses to 6 spatial frequencies were decided at the optimal 16 orientation. 17 
